The increased prevalence of HIV among adults >50 years underscores the importance of improving our understanding of mechanisms causing HIV-associated neurocognitive disorders (HAND). Identifying novel and noninvasive diagnostic predictors of HAND prior to clinical manifestation is critical to ultimately identifying means of preventing progression to symptomatic HAND. Here, using a task-switching paradigm, in which subjects were cued (unpredictably) to perform a facegender or a word-semantic task on superimposed face and word images, we examined the behavioral and neural profile of impaired cognitive control in older HIV + adults (N = 14, 9 HIV+). Functional magnetic resonance imaging (fMRI) and behavioral data were acquired while subjects were performing the face-gender or word-semantic task. We found that, despite comparable performance in standard neuropsychology tests that are designed to probe executive deficits, HIV-infected participants were significantly slower than uninfected controls in adapting to change in task demand, and the behavioral impairments can be quantitatively related to difference in fMRI signal at the dorsal anterior cingulate cortex (ACC). Due to the limited sample size of this hypothesis-generating study, we should take caution with these findings and future studies with a large and better matched sample size are needed. However, these rather novel findings in this study have a few important implications: first, the prevalence of cognitive impairments in HIV+ older adults might be even higher than previously proposed; second, ACC (in particularly its dorsal region) might be one of the key regions underlying cognitive impairments (in particularly executive functions) in HIV; and third, it might be beneficial to adopt paradigms developed and validated in cognitive neuroscience to study HAND, as these techniques might be more sensitive to some aspects of HIV-associated neurocognitive impairments than standard neuropsychology tests.
Introduction
In the era of combined antiretroviral therapy (cART), HIV-associated neurocognitive disorder, or HAND, remains one of the most common disorders in individuals with HIV infection (Heaton et al., 2010) , and executive deficit is one of the most prominent neurocognitive impairments in HIV (Heaton et al., 2011) . While reduced executive function has been attributed to neuronal dysfunction in the fronto-striatal circuit (Plessis et al., 2014) , the neural mechanisms underlying this dysfunction remain to be elucidated. The purpose of this study was to examine potential early and subtle impairments in executive function in HIV-infected older adults, with a focus on cognitive control (Miller, 2000) . Cognitive control is essential for everyday activities which require frequent shifts between different tasks and mental sets; impairments in cognitive control can negatively impact the safety and quality of life of people with HAND (Woods, Moore, Weber, & Grant, 2009 ). We hypothesize that, prior to the onset of clinically diagnosable HAND, subtle deficits in cognitive control may be already present in HIV+ older adults, due to damages to certain regions in the executive circuits, such as the anterior cingulate cortex (ACC) (Shackman et al., 2011) . To test this hypothesis, we adopted a taskswitching functional magnetic resonance imaging (fMRI) paradigm (Yeung, Nystrom, Aronson, & Cohen, 2006) in a cross-sectional design, to examine whether impaired cognitive control is detectable in HIV-infected adults compared to HIV-uninfected controls, even when standard neuropsychological testing fails to detect deficits. Examination) (a minimum score of 27 or higher is needed), substance abuse (based on questions adapted from National HIV Behavioral Surveillance core questionnaire, CDC), depressive symptomatology (based on the CES-D), 14 older adults from local community enrolled in the study, including 9 HIV+ subjects who are on cART and have suppressed viral load (RNA PCR < 400 copies/mL, self-report). Age (52-64), education, and other factors were comparable between the HIV-and HIV+ groups (Table 1) . This study was approved by the local Institutional Review Boards.
MRI acquisition parameters
MRI data were acquired at the Center for Functional & Molecular Imaging, Georgetown University Medical Center, using an echo-planar sequence on a 3T Siemens Trio scanner with a 12-channel head coil (flip angle = 90°, TR = 2.04 s, TE = 29 ms, FOV = 205 o , 64 × 64 matrix). Thirtyfive interleaved axial slices (4 mm thick, no gap; 3.2 × 3.2 mm 2 in-plane resolution) were acquired. One structural scan (MPRAGE, 1 × 1 × 1 mm 3 voxels) was collected.
Event-Related (ER) scans
MRI images from two ER scans were collected for each subject using a task-switch paradigm (Yeung et al., 2006) . Each run had two 10.2 s fixation periods, one at the beginning and the other at the end. Between the two fixation periods, a total of 100 trials were presented to participants at a rate of one every 4.08 s. During each trial, overlapped face and word images were displayed for 2000 ms (Figure 1(a) ) followed by a 2080 ms blank screen, and subjects were cued (unpredictably with a written cue) to perform a task on the face (to judge the gender of face) or the word (to judge whether the word is an animate (e.g., .001 *p < 0.05. **p < 0.01. ***p < 0.001 (p-values are provided as a means of guiding interpretation of the findings of this hypothesis-generating study only. Fisher exact test was used for categorical variables, two-sample t-test was used for continuous variables, and non-parametric test (Kruskal-Wallis) was used for non-continuous numeric variables). a One HIV-negative male at birth who currently identified as transgender classified as male for this analysis. b Having MMSE 27 or higher was required as an eligibility criterion to ensure ability to consent for the study. c Higher score indicates more favorable cognitive functioning. d Higher score indicates less favorable cognitive functioning. e HIV Status was associated with having lower signal change scores,with none of the HIV-uninfected persons having a score lower than the median, and seven infected persons having a compromised score (0% vs. 77.8%, p = .005). Similarly, older age was associated with having lower scores independent of HIV status with 1 person under the median age of 57 having a compromised score compared with 6 over that cut-point (16.7% vs. 75.0%, p = .031).
tiger) or inanimate (e.g., table) word). The cue was an English word "Face" or "Word" that was presented onscreen for 4.08s. The first trials after the cue were referred as the switch trials, and the other face/word-task trials as the non-switch trials. Trial order was pseudo-randomized and counterbalanced.
fMRI data analyses SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) was used for MRI data preprocessing and analysis. MRI preprocessing followed the steps detailed elsewhere (Jiang et al., 2006; Liu, Leclair, Wang, Young, & Jiang, 2015) , including temporal correction, spatial realignment, normalization, and smooth (6 mm Gaussian kernel). We then modeled fMRI responses with a design matrix comprising the onset of six conditionsthe cue to switch to face task, the cue to switch to word task, the first face-task trial after the face-cue, the first word-task trial after the word-cue, the other face-task trials after the facecue, and the other word-task trials after the word-cueand movement parameters as regressors using a standard canonical hemodynamic response function. Additional analyses revealed no significant effects of age, race, and gender on fMRI results. Other independent variables (e. g., substance abuse, depression, co-morbidities) did not provide sufficient sample size to allow in-depth exploration.
Results

Neuropsychological scores
As shown in Table 1 , HIV-infected participants performed more poorly than uninfected controls on all standard tests, but none statistically so, even after adjusting for the effect of age and gender.
Behavioral and fMRI evidence for cognitive control deficits in HIV+ adults
A mixed ANOVA design of reaction time (RT) with a within-subject factor (switch vs. non-switch) and a between-subject factor (HIV+ vs. HIV-) revealed a significant effect of task switching (F(1, 12) = 40.944, p < .001), but not between the two groups (p = .307), and critically, a significant interaction between the two factors (F(1, 12) = 6.565, p = .025) (Figure 1(b) ). Posthoc t-tests (paired or two-sample, two-tailed) revealed that the RT of switch trials was compatible between the two groups (p > .9), but was significantly higher than that of non-switch trials in both groups (at least p < .033), suggesting a strong task-switch cost in both groups of subjects. In contrast, the HIV-infected subjects were significantly slower than HIV-uninfected controls on non-switch trials (p < .029), suggesting that HIV-infected subjects might be less efficient to Figure 1 . (a) Sample stimuli and the task-switching experimental paradigm. The stimuli were always a superimposed face and word image, and subjects were cued (Face vs. Word) to perform a gender identification task on the face while ignoring the word, or a word-category task (animate (e.g., tiger) vs. inanimate (e.g., table)) on the word while ignoring the face. The cue was a word "Face" or "Word" displayed for 4.08 s (in the absence of task trials). The eye and mouth regions of the face image was masked here to protect the identity of this person. (b) RT of task-switch (the first trials after switching task) and non-switch (other trials) trials. Both groups of subjects were highly accurate in tasks (93.2% ± 1.3%) and there was no difference in accuracy between groups. Error bars represent SEM. The correlation between the cost of RT and % signal change at the ACC cluster. RT cost of task switch = RT task-switch -RT non-switch , and fMRI cost of task switching in the ACC ROI = fMRI task-switch -fMRI non-switch . Note: ROI, region of interest.
adapt to current task demands than HIV-uninfected controls, as HIV-infected adults usually performed well under a choice task (in the absence of task switch) (Hardy & Hinkin, 2002) . Whole brain analysis via the contrast of (task switch > non-switch) × (HIV+ > HIV-) revealed a single large cluster (6360mm 3 , threshold: p FWE < .05, Bonferroni corrected for multiple comparison at the cluster-level) in bilateral dorsal ACC (Figure 2(a) ). We then extracted the fMRI response in this cluster for both switch and non-switch trials, which revealed an ACC dysfunction in HIV+ older adults (Figure 2(b) ), and a significant correlation between the RT cost of task switching (RT cost = RT task-switch -RT non-switch ) and the fMRI cost of task switching in the ACC region of interest (fMRI cost = fMRI task-switch -fMRI non-switch ), r = 0.603, p < .023 (Figure 2(c) ), supporting a direct link between the neuronal dysfunction in the ACC and the behavioral deficit, in line with literature that posits ACC as the center of cognitive control, especially its role in detecting and resolving conflict (Shenhav, Botvinick, & Cohen, 2013) . Furthermore, while pointing to the right direction, there were no significant correlations between the fMRI cost and standard neuropsychology test scores (|r |≈ 0.38, p ≈ 0.18 for all analyses), suggesting that the methodology employed in the present study is more sensitive than some of standard neuropsychology tests (like WCST and TMTB) in detecting early impairments in executive function.
Discussion
While HIV-infected older adults performed similarly to their uninfected counterparts when examined with standard neuropsychological tests, significant behavioral and fMRI impairments were observed using a task-switching paradigm (Yeung et al., 2006) . That is, compared to negative controls, HIV+ participants adapted less quickly to changing task demands, and the behavioral deficits strongly correlated with disrupted brain activations in the bilateral dorsal ACCa central region in executive function and the regulation of emotional processing (Shackman et al., 2011; Shenhav et al., 2013) . Intriguingly, apathy has been widely reported in people with HIV disease (Paul et al., 2005) and found to be associated with white matter atrophy that links ACC with other brain regions (Hoare et al., 2010) , and neuropsychology studies have suggested a direct link between apathy and lesions to the ACC (Cummings, 1993) . Here, we propose that the ACC might be one of the key and early regions affected by HIV-disease, as suggested by a recent study (Garvey et al., 2014) , and the manifestation of neuronal dysfunction in the ACC at a later stage may lead to a widespread cognitive decline, especially in the executive domain. Indeed, previous studies have suggested a significant correlation between apathy and cognitive performance in HIV+ individuals (Paul et al., 2005; Shapiro, Mahoney, Zingman, Pogge, & Verghese, 2013) .
A few recent studies have questioned the high prevalence of HAND and suggested the existence of significant false alarms, especially in the diagnosis of the mild forms of HAND (Torti, Focà, Cesana, & Lescure, 2011) . However, here, we provided preliminary evidence suggesting the opposite, that is, cognitive impairments in those HIVinfected 50 years or older individuals might have been underreported rather than overreported in previous studies, in line with the general agreement that many neuropsychology tests might be insensitive to HAND (Kamminga, Cysique, Lu, Batchelor, & Brew, 2013) , supporting an urgent need to develop neuropsychological tests that are more sensitive and specific to HAND for early diagnosis, which could lead to early and more effective interventional treatments (Ellis et al., 1997; Grant et al., 2014) .
However, this conclusion needs to be taken with caution as this study has several limitations. As a pilot study of a complex novel technology, the goal was hypothesis generating not hypothesis testing; necessarily, limited sample size decreases our statistical power and differences between groups may have been missed; some HIV+ older adults (i.e., those tested in the present study) might be at greater risk for HAND (Hardy & Vance, 2009 ). Viral load and CD4 measurements were based on self-report which may have introduced misclassification on these measures; future research should explore not only obtaining viral load measurements but other biomarker correlates of CNS saturation of HIV. In addition, the status of Hepatitis C infection and vascular disease were missing in the present study; both could affect neurocognitive functions. However, the results we have reported here clearly demonstrate the sensitivity and applicability of this technique in detecting reduced executive function in HIV, and uncovering its neural basis, with a strong implication for follow-up studies with a large and well-matched cohort.
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